We present a simple assembly strategy of single nanowires (NWs) to form half-coaxial nanowire arrays (NWAs) which can be easily realized in large size by standard pattering and deposition techniques. Through the finite-difference time-domain simulation, we show that the proposed half-coaxial NWAs effectively preserve the leaky modes resonances within single NWs and consequently achieve strong absorption enhancement under optimization of various structural factors. The best half-coaxial NWAs with 100 nm thick absorbing shell offer equivalent light absorption of more than 400 nm thick planar film. Benefiting from the >75% cut of the required thickness of the absorbing layer, the performances of the demonstrated half-coaxial NWAs based a-Si thin film solar cell also gain significant improvement. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Over the past decade, extensive studies of single semiconductor nanowires (NWs) have explored their great potential as a viable candidate platform for new generation photovoltaic applications. [1] [2] [3] [4] [5] The subwavelength dimension of the single NWs allows unique optical properties such as broad-band and angle-independent absorption as compared to bulk materials, presenting exciting advantages like use of less abundant materials or cheaper substrates. 3, 4 Nevertheless, the single NWs can only serve as the nanoscale power sources, 5 and one must consider the assembly and scaling of these functional elements into arrays as required for general purpose solar devices. Although several integration structures to form the basis of solar cells have been proposed, such as the vertically stacked "multi-junction" 1, 6 and parallelly integrated multi-NWs design, [6] [7] [8] their absorption is still much lower than the theoretical limits and can be improved by further optimization. More importantly, these advanced designs involve complex synthesis which is quite expensive and difficult to utilize in large area. Consequently, it would be of great importance to implement easy and conventional fabrication while well preserving the excellent absorption of single NWs, which addresses great prospects for high-efficiency and low-cost nanostructured photovoltaic applications.
In this paper, we present the half-coaxial nanowire arrays (NWAs) as a simple and general assembly strategy for large-area nanostructured photovoltaics through standard thin film deposition and patterning technologies. We have demonstrated that the half-coaxial structure of dielectric core/absorbing shell on dielectric substrate can effectively preserve the leaky modes resonances (LMRs) of single NWs, yielding excellent absorption enhancement. We also fundamentally discuss the effects of various structural factors and dielectric coatings for further improvement. As a result, a 100 nm thick absorbing shell of the optimized NWAs design offers an equivalent absorption of more than 400 nm thick planar film, reducing >75% absorbing layer thickness. Moreover, we apply the NWAs structure to amorphous silicon (a-Si) thin film solar cells which dramatically declines the thickness of the absorbing intrinsic layer, obtaining 13.5% and 1.79% absolute increase of fill factor FF and conversion efficiency g compared to the planar structure a-Si thin film solar cell.
II. MODELING DETAILS
We have performed the finite-difference time-domain (FDTD) simulation 9 to calculate the light absorption in all structures throughout this paper. For the single SiO 2 (core)/a-Si (shell) cylinder NWs, rectangular NW, and building block of half-coaxial NWAs on SiO 2 substrate in Figure  1 (a), the simulation box is set as 0.6(x) Â 0.6(y) Â 0.5(z) lm (see the x, y, z axes in Fig. 1(a) ). The periodic boundary condition is used in z direction to treat the NWs as infinitely long, which has been well applied to describing the light scattering and absorption of various single NWs. 7, 10 The light source is a broadband (300-1200 nm) plane wave perpendicular to NWs axis (along in y-axis), covering the major solar spectrum AM1.5. The mesh grid is set to 3 nm over the entire simulation volume, with a refinement of 2 nm over the volume occupied by the absorbing material. The absorbed and reflected power is calculated by means of frequency-domain transmission monitors positioned around the material volume. A two dimensional frequency-domain field monitor cross-cutting the NWs in centre is utilized to obtain the electric field intensity distribution (discussed later in Fig. 1(c) ). The complex refractive indices n, k of a-Si shell are taken from literature 11 and a) Author to whom correspondence should be addressed. widely adopted in solar device modeling, 10, 12 while the dielectric SiO 2 core is considered as n ¼ 1.5 and has no contribution to absorption because of the large band gap.
For the NWAs structure in Figs. 2-4 , the FDTD calculation utilizes a simulation box of p(x) Â 2.1(y) Â 0.7(z) lm (p denotes the period of the NWAs, discussed later in Fig. 2 ) with periodic boundary conditions in x and z direction and perfectly matched layer condition in y direction. The reflected power R and transmitted power T normalized to the incident light power are obtained through the frequencydomain transmission monitors positioned at the top and bottom of simulation region in x-z plane, while the absorbed power A is calculated as A ¼ 1 À R À T. The thickness of SiO 2 substrate is set as 0.1 lm for fast modeling. Other modeling parameters follow the same as stated above. Fig. 1(a) shows the schematics of the dielectric SiO 2 (core)/a-Si (shell) structures for a single typical cylinder NW, rectangular NW, and building block of half-coaxial NWAs on SiO 2 substrate, respectively. The core/shell structure can be characterized by the core diameter d and the absorbing shell thickness t. Note that though we focus on a-Si here for demonstration, many other absorbing semiconductor materials can be applied in the structures. In Fig. 1(b) , we illustrate the calculated spectra of the absorption efficiency Q abs , i.e., the absorption cross-section normalized to the geometrical cross-section, 10, 13 for the three core/shell structures with d ¼ 100 nm and t ¼ 100 nm. Here, the unpolarized sunlight
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)/2, where Q abs TM and Q abs TE denote absorption efficiencies for transverse-magnetic (TM, electric field parallel to the NWs axis) and transverse-electric (TE, electric field perpendicular to the NWs axis) illuminations, respectively. In the single cylinder NWs, we can clearly observe distinct resonant peaks corresponding to the LMRs occurred in subwavelength structures. 4, 7 These LMRs remain in the rectangular NWs, with the observed differences of Q abs primarily due to the different volumes of absorbing material in the structure. The excited resonances are of the same type which can be evidenced from the internal electric field distributions of a typical mode TM 21 for the cylinder (at wavelength k ¼ 926 nm) and rectangular (at k ¼ 972 nm) cases, 4 as shown in Fig. 1(c) . This similarity indicates the well preservation of the LMRs in rectangular morphology.
However, practical solar devices should require the assembly and scaling of these single cylinder and rectangular elements into arrays, which always involve complex synthesis. Here, we present a simple assembly strategy for highefficiency nanostructured photovoltaic application in large size. We integrate the rectangular core/shell structures with a dielectric substrate to form the half-coaxial NWAs (see Fig.  2 (a)), which can be easily realized through standard technologies of thin film deposition of a-Si shell on patterned SiO 2 substrate. Specifically, the nanoscale patterned substrate may be prepared in centimeter scale by various conventional nanolithography methods such as near-field, two-photon, and nanoimprint lithography with a resolution of <200 nm, 14 and the following depositing of the absorbing shell can be completed through plasma enhanced chemical vapor deposition (PECVD) and hot wire chemical vapor deposition (HWCVD). It should be noted that the deposition of semiconductor layer needs to be very carefully treated to be uniform and of high material quality, since the patterned dielectric substrate makes more difficulty on material growth compared to the planar condition. The deposition process of the half-coaxial NWAs fabrication can refer to the conventional deposition techniques utilized in a-Si thin film solar cells 15 and heterojunction with intrinsic thin layer (HIT) solar cells, 16 which are capable of obtaining thin a-Si layer (<400 nm thick) with satisfactory quality on surface textured substrate. We have also experimentally succeeded in achieving uniformly coverage of SiN x layer ($80 nm thick) upon SiO 2 dielectric layer on vertically oriented NWAs through PECVD to form SiO 2 /SiN x stack passivation, 17 which supports the practicality of high quality deposition on patterned dielectric substrate. Compared to those complicated assembly strategies limited in few periods, 1, 6 the NWAs are attainable on an area of several inches which is relatively large size for the nanostructured photovoltaics 17 because of the homogeneousness difficult to control. and decrease in the wavelength range >800 nm, since the low-order LMRs (TM 21 /TE 11 , TM 11 /TE 01 ) are much sensitive as they extend further out of NWs and into the underlying substrate, 4 as shown in the resonance pattern (at k ¼ 817 nm) in Fig. 1(c) . Although for the demonstrated a-Si shell, the absorption beyond the wavelength of 712 nm (1.74 eV, the band gap of a-Si), which mainly comes from defect states and interband absorption, has no contribution to photogenerated current, we can still see considerable light trapping enhancement by LMRs in the long wavelength region, showing greater potentials for semiconductors with small band gap (discussed later in Fig. 4(b) ). Then, we assemble the single building blocks to form the half-coaxial NWAs. The schematic design is shown in Fig. 2(a) together with the influencing factors of light absorption in the structure, i.e., the core height h, period of arrays p, and core diameter d, where the thickness of a-Si absorbing shell is fixed at t ¼ 100 nm. Fig. 2(b) gives out the h dependence of the integrated short-circuit current density J SC of the NWAs with d ¼ 100 nm and p ¼ 550 nm. Note that the J SC is the total photogenerated current without any electrical loss, which is integrated under AM1.5 spectrum (absorption below the band gap of absorbing material is not included) as
where q is the elementary charge, C is the photon flux density, and Abs(k) denotes the absorptance of the structure as a function of wavelength k. We can see that the J SC increases with h and reaches the maximal J SC ¼ 16.47 mA/cm 2 at h ¼ 400 nm, obtaining a 78.8% enhancement compared to the flat condition of h ¼ 0. With the optimized h fixed at 400 nm, we calculate the p and d dependences of J SC , as shown in Fig. 2(c) . Clearly, the J SC always climbs with increasing p until the peak value and then declines sharply (see the demonstrated p-dependence of J SC under d ¼ 200 nm in Fig. 2(d) ), which corresponds closely to the results in literature. 7 This behaviour comes from the total light interaction effect of the periodic arrays, which is to some extent similar to the light coupling and propagations within the one-dimensional gratings based structure. 18, 19 The Febry-P erot phase-matching resonances originated from the coupling of Bloch modes 18, 19 and Rayleigh anomaly 20 comprehensively determine the light absorption. Besides, the d also plays the crucial role on absorption properties because it dominates the LMRs in every single block of NWAs. 12 Normally, smaller d exhibits stronger absorption since the absorbing shell occupies higher volume proportion and the light primarily concentrates in the centre part. However, large d also owns advantage due to the more LMRs allowed in the structure. As a result, d ¼ 100 nm (with the highest J SC ¼ 16.49 mA/cm 2 at p ¼ 560 nm) is a balanced diameter to optimize the NWAs absorption which is feasible for patterning technology. In addition, we show the relationship of d and the best period p 0 under different d in Fig. 2(e) , which is approximately linear and can be used for rough evaluation.
Moreover, we introduce the dielectric coating upon a-Si shell (see the cross-section drawn in Fig. 3(a) ) to provide excellent light trapping in the half-coaxial NWAs, which has already been proved very effective for single NWs. 12 Figs. In Fig.  3(e) , we illustrate the detailed absorption spectra of the dielectric coatings with the same t d ¼ 50 nm for SiO 2 , Si 3 N 4 , and Ta 2 O 5 , respectively. The long wavelength absorptance below a-Si band gap is also shown to better explain the light trapping mechanism of dielectric coatings. Compared to the no dielectric coating condition, the absorptance considerably enhances below the wavelength of 800 nm, while little augment can be found above the wavelength of 800 nm. Besides, the n-driven red-shifts of resonance peaks become larger with increasing wavelength as marked by dash boxes in Fig. 3(e) . This absorption behavior matches well with the results of single NWs 12 and therefore we believe that the enhancement arises from not only antireflection coating, but also the Fano interference effect 21 in single NWs. 12, 22 For k > 800 nm, the dielectric coating does not play much role in the light absorption enhancement compared to the strong LMRs which have not been severely coupled into the substrate. Whereas, for weak LMRs in k < 800 nm, the incident light is localized via constructive interference with the reflected light, resulting in strong absorption enhancement. The enlarged n-driven red-shifts with increasing wavelength are attributed to the increased phase shifts of the interference between the incident light and the reflected light. The reflection spectra of the three coatings are also presented as a reference in the inset of Fig. 3(e) , demonstrating the simultaneous excellent antireflection performance of the half-coaxial NWAs like other nanostructures. 23, 24 By synthetically combining all the effects of the light interaction in periodic arrays, the LMRs of single blocks, and the Fano interference effect introduced by dielectric coatings, we can obtain the optimal J SC ¼ 20.24 mA/cm 2 for the half-coaxial NWAs with only t ¼ 100 nm a-Si absorbing shell. For comparison, we demonstrate in Fig. 4 (a) the t-dependent J SC of a-Si flat film with the same Si 3 N 4 coating t d ¼ 60 nm. Critically, it requires more than 400 nm thick a-Si (the typical thickness for a-Si thin film solar cells) to produce a comparable J SC for the planar structure, indicating a > 75% decline of the thickness of absorbing layer. In consideration of the increased surface area of NWAs structure, the volume of the absorbing material used can also be cut by 39%. Furthermore, the half-coaxial NWAs structure can generally apply to diverse kinds of materials to reduce the thickness of absorbing layers. Fig. 4(b) shows the J SC of t ¼ 400 nm, t ¼ 1000 nm flat films, t ¼ 100 nm NWAs and the theoretical limits, for different materials (a-Si, CdTe, GaAs, and Ge) 11 widely used in optoelectronic devices. Note that all the structure parameters are fixed as the optimized configuration above (t ¼ 100, h ¼ 400, p ¼ 560, and d ¼ 100 nm) except the dielectric coating to avoid its influence. We can see that the proposed half-coaxial NWAs with 100 nm absorbing shell yields higher J SC than those 1000 nm thick planar films for all four materials, revealing its great prospects in saving absorbing materials, especially for the rare elements which cost rather high.
Finally, we extend the half-coaxial NWAs structure into solar cells to see the advantages brought by thinner absorbing layer. We again take a-Si thin film solar cells for demonstration. In Fig. 4(c) , we calculate the J-V curves of t ¼ 400 nm (p(10 nm)/i(380 nm)/n(10 nm)) flat structure and t ¼ 100 nm (p(10 nm)/i(80 nm)/n(10 nm)) half-coaxial NWAs structure solar cells with both 60 nm Si 3 N 4 coatings through AFORS-HET (numerical simulator automat for simulations of heterojunctions). 25 We have set the illumination as AM1.5 spectrum and the optical band gap of a-Si to be 1.74 eV. The n type and p type doping concentrations are both 7 Â 10 19 cm
À3
, and the electron mobility l n and hole mobility l p are fixed as 5 and 1 cm 2 /V s, respectively. Other required electrical parameters and the detailed a-Si defects like bandtail and dangling-bonds defects are all picked from the elaborate model in literature 25 to ensure the reliability, while the contacts are assumed as Ag contact and flatband. For the t ¼ 400 nm flat structure a- 15 while the J SC exhibits smaller since we have not considered additional light trapping texture except the Si 3 N 4 coating, which results in the slightly lower FF and g. Thus, we believe that this electrical solar cell model is proper and convincing to study the effects of reducing a-Si layer thickness in thin film solar cell. Then for t ¼ 100 nm half-coaxial NWAs structure thin film solar cell, we can find that the yielded FF ¼ 78.5% and g ¼ 11.24% are improved by 21% and 19%, respectively, compared to the above flat structure, while the V OC ¼ 0.90 V and J SC ¼ 16.0 mA/cm 2 show slender increment. The improvement of solar cell performance can be interpreted by the dramatic decline (300 nm) of the required thickness of the absorbing intrinsic a-Si layer which severely limits FF and therefore g due to its high resistivity and bulk recombination. The $75% cut of the a-Si intrinsic layer thickness leads to much shorter collection distance for charge carriers and lower resistance, which produce higher FF and comprehensively enhance the solar cell performances. Importantly, it should be noted that although other resistance issues like contact and shunting in realistic situation may affect the FF, the proposed half-coaxial NWAs based solar cell provides a novel approach to overcome the low FF problem in nanostructured solar cells by reducing the necessary thickness of the absorbing layer, showing great potential in realizing breakthrough for high-efficiency nanostructured solar cells.
IV. CONCLUSIONS
We have proposed the half-coaxial NWAs as an easy integration design of single NWs which is potentially scalable to large-area modules by standard patterning technology and thin film deposition. From the FDTD simulation of the structure of dielectric core/absorbing shell on dielectric substrate, we have demonstrated that the light absorption can be significantly enhanced by carefully optimizing the core height, period, core diameter, and the influences of dielectric coatings. This strong enhancement indicates that the halfcoaxial NWAs scheme effectively retains the high absorption of single elements, and allows us to obtain the J SC of up to 20.24 mA/cm 2 with only 100 nm thick a-Si absorbing shell which would otherwise require more than 400 nm thick a-Si for planar thin films, leading to a >75% cut of the absorbing layer thickness. This structure can also generally apply to a wide range of absorbing materials to save $40% semiconductor volume. Moreover, this proposal serves as an effective solution for the low FF problem of the nanostructured solar cells to make a breakthrough in high efficiency because of the greatly reduced thickness of the absorbing layer. As a result, we can achieve FF ¼ 78.5% and g ¼ 11.24% in the half-coaxial NWAs based solar cell, which obtain 13.5% and 1.79% absolute increase compared to the planar structure a-Si thin film solar cell.
